INTRODUCTION
Partial discharge (PD) activity is both a symptom of degradation in the insulation system of power plant, irrespective of the causative stresses, and a stress mechanism which causes degradation. It can therefore be readily appreciated why the detection, location and interpretation of partial discharge activity is an attractive technique to the diagnostic engineer [1] . However 
DIGITAL WAVELET TRANSFORM
The most attractive feature of wavelet analysis in discrete time domain is its tree-like structure, which consists of pairs of low-pass filter (LF) and high-pass filter (HF). When a signal is decomposed using the DWT, the signal under analysis is fed through the LF and the HF followed by down-sampling by halves, yielding low frequency contents (approximations) and high frequency contents (details) of the signal respectively. The approximation can then be fed through the LF and HF again and be decomposed at a higher level. Thus, the results of the DWT is a series of coefficients in one approximation and a number of details, which are represented by cA N , cD N , cD N-1 ,… cD 2 , cD 1 , with the number N determined by the decomposition levels to be adopted. For reconstruction, the above procedure is followed in reverse order, i.e. the coefficients at every level are up-sampled and passed through a set of synthesis filters (synthesis filters are derived from analysis filters), known as the Inverse Discrete Wavelet Decomposition (IDWT).
That is
Reconstructed-Signal=IDWT(cA N +cD N +cD N-1 +… +cD 2 +cD 1 )
The LF and HF pair constitutes 'Quadrature mirror filters', which cut the frequency band in half at each decomposition level. Suppose the sampling rate is f s , the highest frequency acquired is then f s /2 according to Nyquist sampling theorem. The LF has a pass band of 0 ~ f s /4 and the HF has that of f s /4 ~ f s /2 at the first (lowest) level. After downsampling, which is a process of removing the oddnumbered elements of the data set equivalent to reducing the sampling rate by half, the LF has a pass band of 0 ~ f s /8 and the HF has that of f s /8 ~ f s /4 at the second level. Consequently, the filter pairs at each level cut the frequency band half by half as illustrated in Table 1 . The wavelet-based denoising algorithm applies the DWT to
the signal under analysis yielding a series of coefficients. Noise rejection can be achieved by selecting the coefficients associated with signal and discarding those caused by noise. Signal reconstruction can then be performed using the modified coefficients via the IDWT. The conventional DWT-based denoising algorithm proceeds in three steps [3] : 1. Decompose -Compute the wavelet decomposition of the signal form level 1 to N 2. Threshold coefficients -For each level from 1 to N, select a threshold and apply thresholding to the coefficients 3. Reconstruct -Reconstruct signal based on the modified approximation coefficients of level N and the modified detail coefficients of levels from 1 to N.
As a matter of fact, signal and noise have different frequency properties and occupy different levels in the DWT. The coefficients for signal reconstruction could be accordingly selected and modified so that the proposed DWT-based denoising algorithm is able to remove the noise effectively.
SIMULATION OF PD PULSE AND NOISE PASSING THROUGH A NARROWBAND DETECTOR PD Pulse
PD pulse coming from a narrow band detector complying with IEC-60270 standard has a limited bandwidth 0 ~ f M , hereby, f M is defined as the frequency at which the amplitude of signal drops to 10% of its maximal value in frequency domain. The narrow band detection system to be used in the project was designed by the members of Insulation Diagnostics Group in Glasgow Caledonian University. The parameters of the narrow band analogue detection circuit are all available, thus allowing simulation of its response by using DesignLab Eval 8 software package on the computer. This software is an industry standard simulation package, which allows a range of circuits containing digital, passive and active analogue components to be built, tested and modified. The step response of the detection system is taken as the simulated PD pulse in the paper. The wave shape and its frequency spectrum are shown in Figure 1 (a) and (b) respectively. Here, the sampling rate is 10MHz, which is adopted throughout this paper and the amplitude of signal has been normalised to 1.0. It is shown that the frequency with the largest magnitude is 0.183MHz and the value of f M is 0.885MHz. According to Table 1 , the coefficients associated with the PD pulse in the DWT are mainly located at the high level such as the approximation and detail at level 4. A set of 5 such PD pulses, which will be adopted later the paper, are shown in Figure 2 . 
Stochastic Noise
The main form of noise encountered in IEC-60270 detection systems is stochastic noise. Stochastic noise is formed simply by random number with zero mean and varied standard deviation. A property of such noise is that the density of its local maxima is inversely proportional to the level in the DWT, which implies that for stochastic noise the number of its local maxima decreases as the level increases, as illustrated in Figure 3 . Considering that the most used frequency band for commercial radio broadcasting is medium wave with the band of 530-1700 kHz, a combination of a series of amplitude modulated signals used in simulation are described as:
where, c is the amplitude of the carrier wave, m the amplitude of modulating signal, f m the frequency of
modulating signal, f i the frequency of the carrier wave. In simulation studies, the parameter used are c=1, m=0.4, f m =1kHz, f i =600kHz, 800kHz, 1000kHz, 1200kHz, 1400kHz respectively, as shown in Figure 4 . According to Table 1 , the above sinusoidal interferences are mainly located in the detail coefficients at level 3 at the sampling rate of 10MHz.
Figure 4 Simulated sinusoidal interferences

Pulse Shaped Noise
Pulse shaped noise is the major problem in PD denoising. The amplitude of pulse shaped noise is often very high, sometimes even higher than PD pulses. It normally has a very wide frequency band, spreading in all the levels in the DWT, which causes extreme difficulties to distinguish it from PD pulses. The pulse shaped noise was represented by an exponentially decaying function. The wave shape and its frequency spectrum are shown in Figure 5 . 
Direct Current Component
The 50 or 60Hz main power signal may get coupled into some on-site PD measurement data. It appears as a DC component when the sampling period is much shorter than a complete main power cycle. If the DC component is not removed prior to the DWT analysis, denoising would not be achieved. It is evident that the DC component lies in the approximation coefficients at the highest level.
PROPOSED DWT-BASED DENOISING ALGORITHM
Prior to presenting how to remove the noise, the calculation of threshold and the criterion for assessing the effectiveness of denoising must be considered. The threshold at level j is ) ln( 2 * )) ( ( 
here ) ( ( j x abs median is the median absolute value of the coefficients at level j , whilst j N is the length of the data at level j . The thresholding is applied to both the approximation and the details. On the other hand, the measurement to be used to assess the effectiveness of the algorithm proposed is Mean Square Error (MSE), which is defined by equation (4):
Here n is the length of the signal; F represents the original sample whilst R stands for the reconstructed data.
In most cases, a smaller value of MSE indicates that the reconstructed data resembles the original signal better. In the proposed algorithm, the mother wavelet of Daubechies 3 is adopted.
PD Pulses Combined With Stochastic Noise
The simulated PD signal combined with stochastic noise and its coefficients at each level are shown in Figure 6 (a) , where the standard deviation of stochastic noise is 0.2. The dash lines on the plot are the thresholding at each level. It can be seen that at low levels, the coefficients are basically caused by stochastic noise. Some of them are larger than the threshold. While at high levels, PD pulses are the dominant instead of noise. Most of the coefficients associated with stochastic noise thus can then be removed by setting all the coefficients at low levels to zero and the PD pulses can be distinguished from noise by employing threshold to the coefficients at high levels. Consider PD pulses predominate at high levels, the corresponding threshold can be set to a lower value (multiplied by a scaling factor α , 1 0 < < α ) to keep more coefficients associated with PD pulses in order to achieve a better denoising effect. In the proposed algorithm, The value of α for cA4 to 0.9 is set to zero, i.e. cD 1 =0, cD 2 =0.
The denoised signals are shown in Figure 6(b) .
Changing the standard deviation of stochastic noise, the
MSE values with the conventional and proposed algorithms are graphically displayed in Figure 7 . It is shown that the curve of the MSE values with proposed method is always lower than that with conventional one, which means a better denoising effect is achieved by the proposed method. 
PD Pulses Combined With Stochastic Noise And Sinusoidal Interferences
As aforementioned, the sinusoidal interferences encountered in IEC detection system are mainly from AM radio transmission. The frequency components of such sinusoidal interferences mainly exist in the frequency band of details at some levels in the DWT. Most of those sinusoidal interferences can be removed by setting the coefficients at the levels where sinusoidal interferences locate to zero. At the sampling rate of 10MHz, cD 3 can be set to zero according to Table 1 . Figure 8 shows the denoising effect with the conventional and proposed method respectively. Here, the amplitude of the sinusoidal interferences is 0.5, the standard deviation of stochastic noise is still 0.2. Changing the amplitude of sinusoidal interferences, the MSE values with the conventional and proposed algorithm are plotted in Figure 9 . Here, the standard deviation of stochastic noise remains 0.2. The result shows that the proposed method always achieves a better denoising effect.
PD Pulses Combined With Stochastic Noise And Pulse Shaped Noise
Since pulse shaped noise has a very wide frequency band, it spreads in all the levels in the DWT. It is not possible to remove it by simply setting the coefficients at some levels to zero. On the contrary, PD pulse is a narrow band signal which only occupies at high levels. Hence the coefficients whose value are greater than the threshold at low levels must be caused either by stochastic noise or pulse shaped noise. The indices of those coefficients can be recorded and the values of the corresponding points in the reconstructed signal can be set to zero. Using this method, the pulse shaped noise can be eliminated effectively. Figure 10 (a) shows the coefficients of combined PD pulses, stochastic noise and pulse shaped noise at each level. The denoising effect with the conventional and the proposed algorithm are shown in Figure 10 (b) . Here, the standard deviation of stochastic noise is still 0.2 and the amplitude of pulse shaped noise is 1.0. In this case, the coefficients whose values are greater than threshold at level 1 and level 2 are recorded and the values of the corresponding points in the reconstructed signal are set to zero. Pulse shaped noise is highlighted with ellipse in the figure. It can be seen that they still lingered in the reconstructed signal with the conventional algorithm but eliminated with the proposed method. the MSE values using the two methods with a varying amplitude of pulse shaped noise, are drawn in Figure 11 . Again, the effectiveness of the proposed method is verified 
PD Pulses Combined With Stochastic Noise And Direct Current Component
It is evident that DC component exists in the approximation coefficients at the highest level. The existence of DC component deteriorates the denoising effect by making the threshold several times higher than that without DC component. Actually, DC component can be easily removed by taking away the mean value of the signal prior to the DWT analysis. The denoising effect is shown in Figure 12 . Here, the standard deviation of stochastic noise is 0.2 and the value of DC component is 0.5. The MSE values with the two methods are plotted in Figure 13 . The horizontal axis is the value of DC component. Again, the curve of the proposed method is always lower than that of the conventional method. 
CONCLUSION
In the paper, PD pulses and noise viz. stochastic noise, sinusoidal interferences, pulse shaped noise and DC interference, have been discussed respectively. Based on the frequency band split of filter pairs associated with the DWT and the different frequency components signal and noise possess, an optimal procedure for denoising in PD measurement was proposed and verified by using simulation data. Comparing with the conventional DWTbased denoising algorithm, the proposed algorithm showed promises that it can eliminate the composite noise more effectively. The optimised DWT-based denoising procedures are: 1. Calculate the frequency band at each level at the given sampling rate 2. Remove the DC component prior to the DWT analysis 3. Decompose the signal into a set of coefficients form level 1 to N 4. According to frequency band split, set the coefficients at low levels from 1 to M ( M < N) to zero to remove most of the stochastic noise 5. According to frequency band split, set the coefficients at levels where sinusoidal interference mainly occupied 6. Scale the thresholds for the levels where signal dominates to keep more coefficients of signal and apply threshold to coefficients at levels from M+1 to N 7. Record the indices of the coefficients higher than the threshold at low levels from 1 to M and set the values of their corresponding points in the reconstructed data to zero to eliminate pulse shaped noise 8. Reconstruct signal based on the modified approximation coefficients of level N and the modified detail coefficients of levels from 1 to N.
